Abstract Applying segment-wise altimetry-based gravest empirical mode method to expendable bathythermograph temperature, Argo salinity, and altimetric sea surface height data in March, June, and November from San Francisco to near Japan (30 • N, 145 • E) via Honolulu, we estimated the component of the heat transport variation caused by change in the southward interior geostrophic flow of the North Pacific subtropical gyre in the top 700 m layer during 1993-2012. The volume transport-weighted temperature (T I ) is strongly dependent on the season. The anomaly of T I from the mean seasonal variation, whose standard deviation is 0.14 • C, was revealed to be caused mainly by change in the volume transport in a potential density layer of 25.0 − 25.5σ θ . The anomaly of T I was observed to vary on a decadal or shorter, i.e., quasi-decadal (QD), timescale. The QD-scale variation of T I had peaks in 1998 and 2007, equivalent to the reduction in the net heat transport by 6 and 10 TW, respectively, approximately 1 year before those of sea surface temperature (SST) in the warm pool region, east of the Philippines. This suggests that variation in T I affects the warm pool SST through modification of the heat balance owing to the entrainment of southward transported water into the mixed layer.
Introduction
The North Pacific subtropical gyre consists of the poleward western boundary current (i.e., the Kuroshio) and the equatorward return flow in the interior region; on the whole, it transports a huge amount of heat poleward (e.g., Bryden et al. 1991; Bryden and Imawaki 2001) . In addition to the change in the gyre volume transport (Sugimoto et al. 2010; Nagano et al. 2013) , variation in the net heat transport of the subtropical gyre results from changes in the volume transport distribution with respect to temperature in the Kuroshio or equatorward interior return flow. Changes in the volume transport distributions of these currents with respect to temperature are accounted for by their volume transport-weighted temperatures (Bryden et al. 1991) .
Of these components, we focus here on variation in the heat transport generated by basin-scale change in the gyre interior flow. White (1975) estimated long-term change in the volume transport of the gyre interior flow across the 30 • N latitude by the sea surface dynamic height (SSDH) difference between two very distant points off the coasts of Asia and Baja California. To calculate the volume transport-weighted temperature of the gyre interior flow (T I ), trans-Pacific hydrographic sections resolving the spatial variations of the interior flow and temperature are required.
Estimates of T I are limited to the World Ocean Circulation Experiment (WOCE) P02 line at 30 • N latitude (Bryden and Imawaki 2001; Nagano et al. 2009 ) and the PX37 (from San Francisco to Honolulu) and PX40 (from Honolulu to Japan) lines (Uehara et al. 2008; Nagano et al. 2012 ). Bryden and Imawaki (2001) and Nagano et al. (2009) calculated T I to be 15.8 and 15.4 • C based on the WOCE P02 observations in October 1993-January 1994 and June-August 2004, respectively. Because T I is an essential factor in the gyre net heat transport, it is potentially related to climate variations such as the Pacific Decadal Oscillation (PDO) (e.g., Mantua et al. 1997) . T I can also be considered as the temperature of water transported by the gyre interior flow, and it is expected to be related to subduction in the North Pacific central region. Recently, Toyama et al. (2015) suggested that the subduction rate is related to the positive PDO phase with a lag of a few years. However, it is uncertain whether or not the difference between the two estimated T I values (0.4 • C) is attributable to climate variations.
On the basis of five expendable bathythermograph (XBT) sections collected by voluntary ships at the PX37 and PX40 lines, Nagano et al. (2012) revealed a greater variability in T I , with a maximal difference of 0.8 • C. This was probably associated with seasonal change in the volume transport distribution with respect to potential density. The PX37 and PX40 observations were conducted at irregular intervals in space and time; therefore, the almost simultaneously obtained trans-Pacific sections from San Francisco to near Japan are scarce. Thus, the variation in T I on interannual and longer timescales is not distinguishable from the seasonal variation when using in situ XBT sections.
To distinguish the interannual and longer timescale variations from the seasonal variation, a dataset with extensive coverage and high resolution in both space and time across the North Pacific for a sufficiently long duration is required. However, this is almost impossible to achieve using shipboard hydrographic surveys alone. For more than two decades, satellite altimeters have measured global sea surface height (SSH) at a spatiotemporal resolution that is high enough to resolve spatial variation in the subtropical gyre (e.g., Ducet et al. 2000) . The SSH data are useful for investigating interannual and longer timescale variations in the gyre interior flow. In the subtropical region, year-to-year variation in SSH is principally attributed to the baroclinic variation associated with the variation of the main thermocline (e.g., Kakinoki et al. 2008; Nagano et al. 2013) . Baroclinic changes in the gyre interior flow are expected to be observed at the PX37 and PX40 lines by many voluntary ship XBT casts performed during the altimetric SSH observations.
By taking a sufficiently deep reference level, we can obtain SSDH based on hydrographic data; this is linearly related to altimetric SSH. The vertical distributions of temperature and salinity are represented as functions of SSDH, as performed in the Antarctic Circumpolar Current region by Sun and Watts (2001) and Swart et al. (2010) , in the North Pacific western subarctic gyre region by Nagano et al. (2016) , and in other regions. Through the linear relationship between SSDH and SSH, the vertical hydrographic distributions can be inferred by altimetric SSH. This method, which converts SSH data to hydrographic distributions, is termed the altimetry-based gravest empirical mode (AGEM) method. If the relationship between SSDH, SSH, and hydrographic profiles is determined from the altimetric and hydrographic data at the PX37 and PX40 lines, the AGEM method provides a sufficiently long time series of the hydrographic section of the North Pacific subtropical gyre interior flow.
In this study, we calculate the AGEM-based temperature, salinity, and geostrophic velocity for the PX37 and PX40 lines in order to complement the hydrographic data along these lines with the SSH data and to examine the variation in T I . We describe the data and the AGEM method in Section 2. In Section 3, we illustrate the seasonal and year-to-year variations in T I , the associated changes in the vertical structure of flow, and the quasi-decadal (QD) timescale variation of T I and its related variation in the gyre net heat transport (Q I ). In Section 4, we summarize our results, discuss the relationship between T I and the PDO, and comment on the variation in the volume transport-weighted salinity in the subtropical gyre interior flow (S I ).
Data and methods

Hydrographic and SSH data processing
Temperature data down to a depth of approximately 760 m at the PX37 line ( Fig. 1) Because salinity data were not collected for either line, we obtained them from 1 • × 1 • gridded hydrographic dataset, which was compiled using Argo data from 2001 by Hosoda et al. (2008) and are available as Grid Point Value of the Monthly Objective Analysis using the Argo data (MOAA GPV) in the Japan Argo database (http://www. jamstec.go.jp/ARGO/argoweb/argo). In this study, we used the XBT temperature data and Argo-based salinity data during 2001-2012 for the PX37 and PX40 lines.
Temperature profiles were vertically averaged over 10 m to eliminate small-scale noise features and then gridded from 10 to 700 m at vertical intervals of 10 m. The salinity data were averaged at the grid points of MOAA GPV within a horizontal distance of 150 km from individual XBT sites. They were further vertically interpolated down to 700 m at intervals of 10 m. Based on the temperature and salinity data, we calculated SSDH (H XBT , in meters), integrating from 10 to 700 m depth, using
where g is the gravitational acceleration and δ is the specific volume anomaly derived from the XBT temperature and Argo salinity data. From 10 to 700 m, the vertical integration along the z axis was discretized into the summation of the 10-m averaged δ value multiplied by the vertical interval of 10 m. The depth of the XBT measurements was determined using the fall-rate equation proposed by Hanawa et al. (1995) . Kizu et al. (2011) reported that Hanawa et al.'s correction method yields positive and negative fall rates for TSK T-7 and Sippican Deep Blue probes; in the present case, these depth biases result in temperature biases of up to 0.07 and −0.03 • C, respectively. Furthermore, data collected by Sippican Deep Blue XBT are known to be subject to time-varying biases in both depth and temperature (e.g., Cowley et al. 2013) , which are reported to cause positive temperature biases of up to 0.1 • C for the study period. Therefore, by integrating the vertically uniform error added to the observed temperature profiles, we estimated the error in H XBT to be approximately 2 cm. This is smaller than the error of the altimetric SSH anomalies (∼3 cm) (Le Provost 2001) . The H XBT error due to the error in the Argo salinity (∼0.01, Hosoda et al. 2008 ) is approximately 0.5 cm, which is even smaller than the error originated from the XBT temperature bias.
Weekly SSH anomalies during 1993-2012 were obtained from the Archiving, Validation and Interpretation of Satellite Oceanographic (AVISO) delayed-time updated mapped data (http://www.aviso.altimetry.fr/duacs/) (AVISO 2008) . Because SSH anomalies are generally less reliable near the coast, data from regions shallower than 1000 m were excluded from the analysis. We added the SSH anomalies to the climatological SSDH values relative to 1000 dbar based on the World Ocean Atlas 2005 ( Fig. 1) Antonov et al. 2006 ) to obtain absolute SSH (H ALT ) in meters.
Segment-wise AGEM method
As outlined in Section 1, we estimated temperature and salinity sections of the PX37 and PX40 lines using the AGEM method. However, it should be noted that vertical structures of temperature and salinity greatly vary along the lines (Uehara et al. 2008; Nagano et al. 2012) . In this paper, to account for these spatial variations, we separated the PX37 and PX40 lines into three and five overlapping segments, respectively: 120-140
, and 145-160 • E (PX40-5). Also, to account for the seasonal variation, we performed AGEM estimation for March, June, and November individually. With this separation, a sufficiently large number of XBT temperature and Argo salinity profiles (exceeding 270 profiles for each segment) could be used to construct AGEM fields for each segment and each month.
We constructed the segment-wise AGEM fields of potential temperature and salinity, i.e., the relationship between hydrographic profiles and H XBT , interpolating the data by a Gaussian weight function with an e-folding scale of 2.5 cm to remove the mismatch between the XBT temperature and the gridded Argo salinity. The AGEM fields of potential temperature down to a depth of 700 m for the eight segments in March, June, and November are shown in Fig. 2 . The main thermocline, represented by a sharp vertical temperature gradient approximately between 8 and 18 • C, commonly deepens in all segments as SSDH, i.e., H XBT , increases. Furthermore, seasonal variation in stratification in the near-surface layer and spatial change in the main thermocline thickness along the lines are identified. In other words, even for a single value of H XBT , potential temperature profiles are substantially different in terms of months and locations (segments). Plots of H XBT versus potential temperature at 400 m depth in a March, b June, and c November at eight segments: PX37-1 (red), PX37-2 (blue), PX37-3 (orange), PX40-1 (green), PX40-2 (purple), PX40-3 (cyan), PX40-4 (magenta), and PX40-5 (black). Values based on XBT measurements and AGEM method are shown by dots and curves, respectively (exceeding 6 • C) for a range of H XBT values between approximately 1.4 and 1.8 m. By constructing segmentwise AGEM fields, regional characteristics of the potential temperature (e.g., thermostads corresponding to the mode waters) are reasonably represented. The potential temperature root-mean-square (RMS) errors for the segments are between 0.45 and 0.98 • C (Table 1) . The salinity AGEM fields (not shown) are largely consistent with typical temperature-salinity relationships in each region.
H ALT is linearly related to H XBT , with correlation coefficients of 0.72-0.95 (Table 2) , which are substantially higher than the 1 % significance level (i.e., within the 99 % confidence limit) based on the Student's t test. Linear regressions between H XBT and H ALT were performed for each segment and month as
where a and b were obtained by the least square method ( Table 2 ). The obtained values of the regression slope, i.e., a, are slightly larger than, or close to, unity. With the exception of the westernmost segment (i.e., PX40-5), the RMS differences are smaller than 6 cm, which is of the same order of magnitude as errors in the H ALT data. At PX40-5, where mesoscale eddies prevail, the RMS difference is approximately 11 cm. This large RMS difference is mainly due to the deeper mesoscale eddy contributions, which are not included in H XBT . Mesoscale eddies have time scales shorter than approximately five months. Therefore, to eliminate the effect of mesoscale eddies from H ALT , we smoothed H ALT using a fifthorder Butterworth filter with a half-power period of five months. The elimination of the mesoscale fluctuations by the low-pass filter reduces the sensitivity of the results to the location of the western end point. As a test, we computed T I with the western end point fixed at 29 • 9 N, 150 • E. The results were quite similar to those with the end point fixed at 30 • N, 145 • E. Therefore, we concluded that the results described below are independent of the location of the western end point. Hereafter, we present the results on the interior flow of the subtropical gyre with the western end point set at 30 • N, 145 • E. This location corresponds to the southern edge of the recirculation gyre south of the Kuroshio Extension (Inoue and Kouketsu 2016) .
By converting the smoothed H ALT to H XBT (Eq. 1 and Table 2 ) and referring to the AGEM fields by H XBT for each month (Fig. 2) , we estimated the potential temperature (θ ), salinity (S), and potential density (σ θ ) profiles in the individual months during 1993-2012 at longitudinal intervals of approximately 0.5 • from the smoothed H ALT . Furthermore, each AGEM-derived hydrographic section was spatially smoothed using a five-degree longitude running mean along the lines to remove the jumps across the segments.
In Fig. 4a , b, we show AGEM-derived potential temperature/density sections for states of relatively low and high T I anomalies in June 1993 and June 2007, respectively (year-to-year T I change will be described in Section 3). The AGEM method reproduces the seasonal thermocline in the near-surface layer and a vertically uniform potential density layer between 25.0 and 25.5 kg m −3 (expressed as 25.5σ θ hereafter) west of around 170 • E. An eastward ascension of the potential density surfaces lower than 25.5σ θ suggests southward baroclinic volume transport. These characteristics coincide with those in Fig. 2 of Nagano et al. (2012) , although mesoscale eddy structures shown in that study were filtered out in the present study by the spatial and temporal smoothing. By separating the PX37 and PX40 lines into the eight segments and constructing the AGEM fields for each month, the AGEM method provided plausible hydrographic sections.
In addition, we used the monthly 1 • × 1 • gridded hydrographic data collected by Argo floats, RoemmichGilson Argo Climatology (http://sio-argo.ucsd.edu/RG Climatology.html), which was compiled by Roemmich and Gilson (2009) . In order to investigate the dependency of the estimated T I on reference depth, the calculation was performed with reference depths of 700 and 1500 dbar for the period 2004-2012. They are quite similar to each other, with a correlation coefficient of 0.93. The mean value with a reference depth of 700 dbar is 1.3 • C higher than that with a 1500 dbar reference depth. Despite the significant bias in T I , its variation is almost independent of reference depth. It should be noted that in addition to the bias caused by the choice of reference depth, there would exist T I bias derived from that of XBT temperature. Therefore, in this paper, we mainly focus on the anomaly of T I from the mean seasonal variation. The values were calculated as RMS differences between XBT and AGEM-based potential temperatures 
Results
AGEM-based volume transport-weighted temperature
We calculated T I of the interior flow across the section along the PX37/40 line above a depth of 700 m (Fig. 5a ), as
where the x coordinate is set along the line from the western end point (30 Figure 6a , b show all distributions of volume transport with respect to potential density and the mean distributions in individual months from 1992 to 2012, respectively. The distributions above the isopycnal of approximately 25.1σ θ are clearly distinguishable among these months. The primary peak in volume transport exceeding 3 Sv (1 Sv = 10 6 m 3 s −1 ) in March (green lines) remains stable in a layer around the isopycnal of 24.9σ θ . In June (magenta lines), the primary peak frequently descends to a deeper layer below the depth of the isopycnal of 25.0σ θ (Fig. 6a) , where the standard deviation of the volume transport is larger than that in the overlying layer (Fig. 6b) . In November (blue lines), the volume transport distributes widely in deep layers below the isopycnal of 24.5σ θ and has an additional significant peak in a layer around 24.1σ θ . The existence of the shallow peak in volume transport causes very high T I in November (dots in Fig. 5a ). Therefore, the seasonal variation in T I is 
Anomaly of T I from mean seasonal variation
Year-to-year change in the volume transport distribution yields interannual variation in T I , as shown in Fig. 5b With the exception of the above extreme cases, we could not identify a significant year-to-year difference between potential temperature/density sections in relatively low-T I and high-T I states (as exemplified in Fig. 4a , b, respectively); however, the difference resulting in the year-to-year variation of T I might be revealed by integrating temperature and geostrophic current velocity along the entire line.
In principle, the variation in T I can be affected by both changes in temperature and geostrophic current velocity in the interior region. To reveal the factors contributing to the year-to-year variation in T I , referred to as T I hereafter, we isopycnals of σ θ ± σ θ /2. As a result, T I is decomposed into three components with respect to potential density as
where
We set σ θ = 0.25 kg m −3 , which is sufficient for the expected temperature variation of the mode waters, and we calculated T 1 , T 2 , and T 3 in isopycnal layers from 22.5 to 27.5σ θ .
The standard deviations of these components are shown in terms of potential density σ θ in Fig. 8a . Obviously, the dominant component of the T I anomaly originates from the anomaly of geostrophic current velocity, i.e., T 2 , (solid line) in all isopycnal layers. The variation is particularly large in layers above the isopycnal of 25.5σ θ and reaches its maximum in a layer between the isopycnals of 25.0 and 25.5σ θ . The maximum value exceeds 0.2 • C. The contribution from the variation in potential temperature, i.e., T 1 , (dashed line) is one or two orders of magnitude smaller than that from T 2 . The variation in T 3 (dotted line) is practically negligible.
To examine the relationship between T I and T 2 (σ θ ), we computed their covariance (solid line in Fig. 8a ), which is defined as
where t n (n = 1, 2, · · · , N) is time. This shows the maximum value in a layer between the isopycnals of 25.0 and 25.5σ θ , where the standard deviation of T 2 (solid line in Fig. 8a ) is also maximal. In addition, the correlation coefficient, i.e., the covariance normalized by the standard deviations of T I and T 2 (σ θ ), (dashed line in Fig. 8b ) is greater than 0.33 (the 99 % confidence limit based on the Student's t test) in the layers above an isopycnal of 26.5σ θ . Thus, the year-to-year variation in T 2 (σ θ ) in a layer between the 25.0 and 25.5σ θ isopycnal surfaces contributes to that of T I . The anomaly of the volume transport in the potential density layer (Fig. 9) is largely similar to that of T I (Fig. 5b) . The anomaly of T I is principally attributable to the volume transport anomaly from the mean seasonal variation in a layer between the isopycnals of 25.0 and 25.5σ θ . Yearly time series of the T I anomaly obtained by a Gaussian smoothing with an e-folding time of 6 months is shown by the thick solid lines in Figs. 5b and 10a . During the study period, T I varies on a decadal or shorter, i.e., QD, timescale with marked peaks in 1998 and 2007. To examine the reliability of the yearly T I estimated by the AGEM method and the Gaussian smoothing for the data sampled in uneven time intervals, we illustrate yearly time series of the T I anomaly based on Roemmich-Gilson Argo Climatology (thin solid line in Fig. 5b 
Impact of year-to-year T I variation on the net heat transport
The component of the net poleward heat transport variation of the subtropical gyre, which is related to T I variation due to basin-scale interior flow change, can be estimated as
where ρ is seawater density, C p is the specific heat capacity of seawater at constant pressure, and V STG is the average subtropical gyre volume transport. We set ρC p and V STG to 3.99×10 6 J K −1 m −3 and 26.2 Sv, respectively (following the estimations by Nagano et al. 2010) . As in Fig. 10b , Q I reaches minima of -6 and -10 TW (TW = 10 12 W) in 1998 and 2007, respectively, when T I has significant maxima. The reductions in heat transport due to the enhancements of T I are equivalent to up to approximately 5 % of the absolute values of the gyre net heat transport (0.19-0.22 PW, where PW = 10 15 W), as estimated by Nagano et al. (2010) . The water transported by the interior southward subsurface flow through the PX37/40 line concentrates on the North Pacific warm pool region (east of the Philippines), ascending along the shoaling main pycnocline and subsequently being entrained into the mixed layer. In the annual mean state, the sea surface thermal forcing and heat advection by the Ekman and geostrophic currents are principally balanced by the entrainment of deep cold water through the mixed layer bottom (Niiler and Stevenson 1982; Qu 2003) Assuming the thermal forcing at the sea surface and the horizontal advections to be invariant, the increasing rate of the temperature in the warm pool region is equivalent to the decreasing rate of cooling due to the entrainment from the mixed layer bottom. Under this assumption, the warm pool SST would increase by an amount of heat that is equivalent 
Summary and discussion
Applying the segment-wise AGEM method to XBT temperature, Argo salinity, and altimetric SSH data at the PX37 (San Francisco to Honolulu) and PX40 (Honolulu to near Japan, 30 • N, 145 • E) lines, we estimated the AGEMbased temperature, salinity, and geostrophic velocity sections down to 700 m depth from 1993 to 2012. We examined the volume transport-weighted temperature of the southward interior flow of the North Pacific subtropical gyre (T I ). T I is substantially dependent on the seasonal change in volume transport distribution with potential density (as Nagano et al. 2012 suggested based on in situ hydrographic data alone). The anomaly of T I from the mean seasonal variation, whose standard deviation is 0.14 • C, is found to originate from the change in the volume transport distribution in a layer between the isopycnals of 25.0 and 25.5σ θ . We found that T I varies on the QD timescale, and the QD-scale variation is confirmed by the analysis of the Argo gridded data from 2004 to 2012. Marked peaks of the QD-scale T I variation are found in 1998 and 2007, approximately 1 year before the peaks of SST averaged in the North Pacific warm pool region, east of the Philippines. This is thought to be the reduction of the net heat transport of the North Pacific subtropical gyre by 6 and 10 TW, respectively. The reduction of the heat transport is equivalent to up to approximately 5 % of the absolute values of the net heat transport. It is suggested that the QD-scale increase of T I corresponds to the reduction in the rate of cooling due to the entrainment of water into the warm pool mixed layer by approximately 13 % of the annual mean rate. This result suggests the sizable impact of the QD-scale variation in T I on the SST change in the warm pool region.
To examine the relationship between the QD-scale variation of T I and climate variation, we show the North Pacific Index (NPI), which was defined as the area-weighted sealevel atmospheric pressure in the region of 30-65 • N, 160 • E-140 • W by Trenberth and Hurrel (1994) (dotted lines in Fig. 10 ). The NPI is related to the dominant variation in SST Toyama et al. (2015) are likely discernible by the peaks in T I (solid line) with a lag of up to 4 years. Although the time series of T I is not sufficiently long to make firm conclusions about the relationship between T I and the NPI (the equivalent degree of freedom is 2), the peaks of the T I anomaly, i.e., the troughs of the net poleward heat transport, seem to be caused by the intensification of the Aleutian Low associated with the positive PDO phase. This hypothesis should be tested by AGEM methods that are modified to allow application to areas other than the PX37 and PX40 lines using a more comprehensive dataset.
Finally, we comment on the volume transport-weighted salinity in the subtropical gyre interior flow, i.e., S I . As the QD-scale variation of T I is related to that of the warm pool SST, the variation in S I may affect the sea surface salinity (SSS) in the tropical region. By using the data derived from the AGEM method, we calculated S I and show the anomaly Note that the S I anomaly based on the Argo data (thin line) is depressed in 2009, whereas the AGEM-derived S I anomaly is elevated. This discrepancy may imply that the true variation in S I is attributable to the interannual and/or longer timescale variations of precipitation and evaporation in the extratropical region, in addition to the QD-scale change in the volume transport distribution of the subtropical gyre interior flow. Also, SSS in the central part of the North Pacific subtropical gyre has been reported to have increased during the last several decades due to the intensification of the global hydrological cycle (Hosoda et al. 2009; Durack et al. 2012 ). The AGEM-based S I has neither a clear increasing nor decreasing tendency. The Argo-based S I appears to have a decreasing trend possibly in response to the global hydrological cycle, although the analysis period is not sufficiently long to elucidate this relationship. In future work, longer time series of S I based on continuing Argo float data will clarify the role of the subtropical gyre in the hydrological cycle.
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